Abstract Using first principles density functional theory calculations, we present a study of the structure, mobility, and the thermodynamic stability of anionic defects in the high-temperature cubic phase of ZrO 2 . Our results suggest that the local structure of an oxygen interstitial depends on the charge state and the cubic symmetry of the anionic sublattice is unstable at 0 K. In addition, the oxygen interstitials and the vacancies exhibit symmetry breaking transitions to low-energy structures with tetragonal distortion of the oxygen sublattice at 0 K. However, the vibrational entropy stabilizes the defect structures with cubic symmetry at 2600-2980 K. The formation free energies of the anionic defects and Gibbs free energy changes associated with different defect reactions are calculated by including the vibrational free energy contributions and the effect of pressure on these defect structures. By analyzing the defect chemistry, we obtain the defect concentrations at finite temperature and pressure conditions using the zero temperature ab initio results as input and find that at low oxygen partial pressures, neutral oxygen vacancies are most dominant and at high oxygen partial pressures, doubly charged anionic defects are dominant. The relevance of the results to the thermal protective coating capabilities of zirconium-based ceramic composites is elucidated.
Introduction
Zirconia (ZrO 2 ) exists in three closely related phases with monoclinic (space group P2 1 =c), tetragonal (space group P4 2 =nmc), and cubic symmetry (space group Fm 3m) [1, 2] .
The monoclinic phase is thermodynamically stable up to 1400 K above which the tetragonal phase is stable and the cubic phase is stable above 2570 K [3] . The cubic phase can be stabilized at much lower temperatures by doping ZrO 2 with divalent or trivalent cations, like Y 3þ , or Ca 2þ [4, 5] . This cation-doped cubic stabilized zirconia has high thermal shock resistance, high strength, toughness, and is important for oxygen sensors, fuel cells, etc. [6, 7] . Interestingly, common ion conductors, oxygen sensors based on ZrO 2 involve ion migration by vacancy diffusion. However, oxygen diffusion aided by interstitial oxygen has not been explored. Thus, in this work we elucidate the atomistic picture of oxygen vacancy and interstitial diffusion mechanisms (''Atomic and electronic structure of anionic vacancies'' section) in cubic ZrO 2 . Undoped cubic zirconia is also an interesting material for high-temperature applications. A proposed methodology for exterior coatings in high-speed aircraft involves coating with ZrB 2 /SiC ceramic [8, 9] . Upon exposure to high temperatures in an oxidizing atmosphere, ZrB 2 /SiC oxidizes to ZrO 2 and SiO 2 ? B 2 O 3 , a vitreous borosilicate glass which forms a sticky layer on the top. Little is known about the point defects and their stability in the high-temperature phase of ZrO 2 , yet defect diffusion within the oxide scale is potentially a key issue for optimization of this material system, and experimental studies are difficult because of the extreme operating conditions. To this end, we present a multiscale approach to determine defect stability as a function of temperature and pressure that uses zero temperature ab initio data as input. Within this framework, the defect formation free energies calculated within the harmonic approximation are used to self-consistently solve for the equilibrium chemical potential of electrons (the Fermi level) and the defect concentrations. As we illustrate in ''Construction of defect stability diagrams'' section, using this protocol we are able to obtain a defect stability diagram solely from zero temperature ab initio calculations and identify the anionic defect that plays an important role in the oxidation of ZrB 2 at temperatures above the tetragonal to cubic transition temperature in ZrO 2 .
Apart from these applications, the tetragonal to cubic transition in zirconia is of scientific interest [10] . While, in pure zirconia, there is evidence that this transition is of second order, the exact nature of this transition in the nonstoichiometric phase is still not clear [10] . The major bottleneck in this regard is the coupling between the lattice distortions associated with anionic defects and those associated with the tetragonal to cubic transition. Our results in ''Defect formation energies'' section show that the anionic sublattice in the defect structures exhibits a tetragonal distortion at low temperatures and the cubic symmetry of the anionic sublattice is stable only at very high temperatures.
Simulation details
Our ab initio calculations were performed using the plane wave basis density functional theory (DFT) implementation in Vienna ab initio simulation package (VASP) [11, 12] with the PBE exchange correlation functional and pseudo-potentials for zirconium and oxygen with 4 and 6 valence electrons, respectively. The wavefunctions were expanded to a plane wave cut-off of 520 eV. We have used the following supercells-2 Â 2 Â 2 (96 atoms, 32 formula units of ZrO 2 ) and 3 Â 3 Â 3 (324 atoms, 108 formula units of ZrO 2 ). Using the 2 Â 2 Â 2 supercell construction with 32 Zr and 64 O atoms and 20 irreducible k-points in the first Brillouin zone, the lattice parameter of ZrO 2 was found to be a 0 = 5.1276Å which is close to experimental and first principles results reported in the literature [1, 5, 13] . The total energy of the supercell converged to within 6 meV with four irreducible k-points; hence, for subsequent calculations these four k-points were used. Minimum energy paths for diffusion and migration barriers were calculated using the climbing-image nudged elastic band method. Our initial guess paths for these calculations contained five intermediate structures between the initial and final structures. The long-range interactions between a defect and its periodic images were subtracted off from the calculated DFT energy to obtain the corrected energy within the Makov-Payne correction scheme [14] . Typical energy corrections in our supercells are on the order of 0.05q 2 eV, where À2 q 2 is the charge of the defect. We have used the HSE hybrid functional [15] , with the screening parameter set to 0.05Å À1 (mixing coefficient was set to 0.25), for our analysis of the electronic structure and defect stability. Using the HSE functional, we obtained a band gap of 5.43 eV which is close to predictions in literature using other higher order methods [16] [17] [18] .
Results
Atomic and electronic structure of anionic vacancies
Oxygen vacancies in cubic ZrO 2 have been studied previously because their motion is related to the ionic conductivity [5, 18] . The formation of an oxygen vacancy leads to the formation of a localized defect state within the band gap that corresponds to the overlap of d-orbitals of the four neighboring Zr ions [18] . In accord with previous work, we found that point defects significantly distort the nearby lattice [18] [19] [20] ; however, our results suggest a more complicated picture of local distortion: at 0 K there exists a structure of oxygen vacancy in which the neighboring ions preserve the cubic symmetry but we also found a lowsymmetry, low-energy structure in which the cubic symmetry of the anionic sublattice is broken. In both these types of defect structures, the four nearest neighbor (NN) cations are displaced along h111i; while the six nearest anions are displaced along h100i [5] . In addition, for a neutral vacancy (V o ) the NN cations and anions exhibit an inward displacement, but for charged vacancies (V 1þ o , V 2þ o ), the NN cations move away from the vacancy, while the NN anions move towards the vacancy.
We found that the low-symmetry structure is energetically favorable by 1.29 eV for a neutral vacancy (2 Â 2 Â 2 supercell), and by 0.60-0.65 eV for a charged vacancy. Our minimum energy path calculations suggest that at 0 K the high-symmetry vacancy structure is a saddle point on the potential energy landscape and hence is unstable. However, in a 3 Â 3 Â 3 supercell, this high-symmetry structure is a shallow metastable state and the barrier to move out of this local minimum basin is 0.13 eV.
The elastic strain field of the vacancies are such that volume and shape relaxation simulations of the high-symmetry defect structures preserve the cubic symmetry. However, such relaxations in the low-symmetry defect structures led to a tetragonal distortion that decreased the volume by about 1.03Å 3 . To calculate the relaxation volume of a charged vacancy, we incorporated contributions from the local relaxation around the vacant lattice site and the delocalized electrons present in the system. Thus, for a doubly charged oxygen vacancy, the relaxation volume is given by An oxygen vacancy in cubic zirconia can diffuse along different paths: (a) along a h100i direction, (b) along a h110i direction, and (c) along a h111i. Our results (tabulated in Table 1 ) suggest that diffusion of vacancies (all charge states) along h100i direction corresponds to the minimum barrier [21] [22] [23] . In the low-symmetry structures, the diffusion barriers are 1.73 eV for V o , 1.14 eV for V þ o ; and 0.48 eV for V 2þ o . Along the h110i diffusion path, at the saddle the diffusing oxygen ion is close to the octahedral site which has relatively higher energy than the saddle along the h100i path. In addition, we found that the h111i migration path passes through the octahedral site and this path also has much higher diffusion barrier than the h100i path.
Atomic and electronic structure of anionic interstitials
Our results suggest that oxygen interstitials in cubic zirconia have many possible metastable structures [16] : h110i dumbbell (Fig. 1a) , h111i dumbbell, h100i dumbbell (Fig. 1b) , h100i crowd-ion (Fig. 1c) , and octahedral site (Fig. 1d) . For ease of reference, we refer to these interstitial configurations as O h110i , O h100i ; respectively, for the h110i and h100i dumbbell configurations, O h100ci for h100i crowd-ion, and O oct for octahedral site. The relative stability of different interstitial configurations with respect to O h110i are compared in Table 2 . The displacements of the neighboring ions in the interstitial structure were found to be symmetric about the 110 ½ plane and the maximum ionic displacements were observed along the h001i direction. The Zr ions move about 6 % (of the Zr-O bond length in an ideal crystal) outward, while the NN anions move inward by 0.7 %. The O h111i structure has 0.88 eV higher energy than O h110i and the dumbbell separation is 1.44Å 3 .
The volume and shape relaxation of the defect structures resulted in tetragonal distortions of the supercell. The lowsymmetry distorted structure of a doubly charged interstitial was found to have about an eV lower energy and 16.82Å 3 higher volume than the high-symmetry structure.
In case of the singly charged and neutral interstitials, the low-symmetry structure has 0.21 and 0.35 eV, respectively, lower energy and 36.10 and 48.39Å 3 higher volume than the high-symmetry structure. Volume relaxation of the defect free 2 Â 2 Â 2 supercell containing a hole decreases the volume by 4.74Å 3 . Thus, we found that the relaxation volumes of the singly and the doubly charged interstitials are 43.65 and 7.34Å 3 , respectively.
We analyzed the valence charge on the interstitials by integrating the charge density within a Voronoi cell enclosing each ion. For a neutral interstitial, the valence charge on each oxygen in the dumbbell is À0:90e, where e is the unit electronic charge. The site projected density of states (PDOS) for an oxygen ion in the O h110i dumbbell is shown in Fig. 2a . Similarly, in case of a singly charged interstitial, each oxygen in the the dumbbell has a charge of À1:35e and the system has a non-zero magnetization.
Our minimum energy path calculations suggest that the lowest barrier path for interstitial diffusion in a neutral cell is along a h110i direction on a (100) plane. First, one oxygen detaches from the dumbbell and moves to the h100i crowd-ion site (saddle configuration) where the interstitial still exists as O 1À ; however, both the NN host oxygen ions have charge of about À1:35e. This charge rearrangement at the saddle point increases the Coulomb interaction between the interstitial and the lattice oxygens resulting in an increased separation between the ions and consequently a small diffusion barrier of 0.37 eV. In all the intermediate structures along the path, we found that the net spin is zero.
For a singly charged interstitial, the O 1À h110i configuration was found to be the stable structure [16] . The separation of 1.98Å between the anions in the dumbbell is much higher than that in a neutral cell and can be attributed to the increased electrostatic repulsion between the ions. The O 1À h111i configuration is unstable and the interstitial atom moves to nearest octahedral site. The PDOS in Fig. 2c shows that the defect state is localized within the band gap, and Fig. 2d shows the r Ã characteristics of this defect state. The diffusion of an oxygen interstitial in a singly charged cell is similar to that in h100i 0.27 (0.61) [7] The values in the brackets refer to the diffusion barriers in the tetragonal phase of ZrO 2 J Mater Sci (2016) 51:4845-4855 4847 the neutral cell and the barrier is 0.42 eV. At the saddle point, we found that the interstitial is in a crowd-ion site and has a charge of À1:3e, suggesting that a very little charge transfer takes place between the host lattice and the diffusing species. The ground-state structure of a doubly charged interstitial is the octahedral geometry and the O 2À h110i dumbbell configuration was found to have higher energy. In addition, we found that O 2À h110i diffuses by interstitialcy mechanism and the saddle configuration is the O 2À h110i dumbbell. Since the diffusing species covered small spatial distances, the corresponding diffusion barrier is only 0.30 eV and we did not observe any charge transfer during diffusion.
Defect formation energies
Under laboratory conditions, the process of vacancy formation (say V 2þ o ) can be described by the following reaction: Here, the atmosphere is the sink for the oxygen removed from ZrO 2 . The actual process of desorption of oxygen from ZrO 2 can involve multiple intermediate configurations [24] , but in our analysis we considered only the thermodynamically stable defect species. The vacancy formation free energy was calculated from
where, l e is the chemical potential (Fermi energy) 
is the vibration free energy contribution within the harmonic approximation, h is the Plank constant, x q (q ¼ 1; 2; . . .; n DOF ) are the vibration frequencies, and n DOF is the number of degrees of freedom in the system after excluding the global rotation and global translation degrees of freedom. The volume changes for the pressures considered in our analysis were very small due to which we have neglected the effect of pressure on the phonon frequencies. The formation free energies of the other anionic defects were obtained in a similar fashion. Some relevant defect reactions and the corresponding reaction energies are listed in Table 3 . Figure 3 shows the formation energy of the anionic defects as a function of the Fermi level at 0 and 2500 K obtained by using the HSE exchange correlation functional. In calculating the defect formation energies, we have assumed that the shifts in the local electrostatic potential and valence band edge due to the formation of an anionic defect are negligible. This is because the average shift in location of core states in the electronic density of states after incorporating defects was found to be smaller than 0.13 eV.
The stability of the symmetric and the distorted defect structures at finite temperatures were analyzed by comparing their free energies within the harmonic approximation. For oxygen interstitials and vacancies, we found that the high-symmetry defect structures become stable at temperatures where cubic ZrO 2 and cubic ZrO 2Àx phases are stable. For example, for a double-charged oxygen interstitial (octahedral site), the distorted structure was found to be favorable by 1.71 eV at 0 K, but at 2900 K, we found that the high-symmetry structure is favorable by 0.30 eV. Similarly, in case of a doubly charged oxygen vacancy, the distorted structure is energetically favorable at 0 K by 0.61 eV, while at 2900 K the high-symmetry structure has 0.03 eV lower free energy. In a supercell without any defects, the low-symmetry tetragonally distorted structure has 1.17 eV lower energy than the highsymmetry cubic structure at 0 K, but at T [ 2000 K, the high-symmetry cubic structure becomes thermodynamically stable. Thus, in the following analysis we have considered only the high-symmetry defect structures.
Construction of defect stability diagrams
The thermodynamic stability of different point defects was analyzed by comparing the reaction rates corresponding to the different laws of mass action [25] [26] [27] . In cubic ZrO 2 , the cations occupy the closed packed face-centered lattice sites, so the cationic defect formation energies are much higher than the anionic defect formation energies. Hence, we have neglected the possibility of cationic defect formation in our analysis [25, 27] . To analyze the defect stability, we considered reactions corresponding to the formation of different anionic defects and the total charge neutrality condition. For example, the possible reactions involving the defects O 
where, e 
, using values from Table 3 , we see that K F ) K i . Hence, the concentration of electronic defects h þ ½ , e À ½ is much smaller than the doubly charged Frankel defects. In this limit, at intermediate oxygen partial pressure, the charge neutrality equation can be simplified using the Brouwer approxima-
. Similar analysis can be performed separately for the neutral or the singly charged defects, but to understand the stability of all the The reaction energies have not been corrected for periodic image interactions. The reaction energies in the low-symmetry distorted structures are marked HSE dist anionic defects at different T, P conditions, we considered the following charge neutrality condition:
The Fermi energy, pressure, and temperature dependence of the concentration of doubly charged oxygen vacancies is
o Þ=k B T ð , and the reaction energy is given by
Similarly, the concentration of doubly charged oxygen interstitials is given by O 
Calculation of defect mobilities
Experimental measurements of the high-temperature conductivity in cubic ZrO 2 are scarce. Using the equilibrium defect concentrations obtained in the section ''Construction of defect stability diagrams'' and the Nernst-Einstein equation, we calculated the ionic conductivity from first principles calculations. For instance, at 2900 K and 1 atm pressure, we found that the dominant defect O diffuses by interstitialcy mechanism and migration barrier is 0.26 eV (Table 1) . Thus, the ionic conductivity (r) is 
Discussion
Our analysis of the structure of anionic defects at 0 K clearly points to the existence of two different characteristic categories: (a) low-symmetry structures that exhibit tetragonal distortion of the anionic sublattice and (b) structures that preserve the cubic symmetry of the anionic sublattice. In these low-symmetry structures, the anionic displacements are coupled to the X À 2 soft phonon mode that is associated with the cubic to tetragonal phase transition in ZrO 2 [4, 29] . At low temperatures, the monoclinic phase of zirconia is thermodynamically stable, while the stability of the other two phases of zirconia has remained unclear. Our results suggest that the tetragonal structure is metastable and the cubic structure is unstable at 0 K. Based on our analysis, our understanding of the potential energy landscape in cubic zirconia is summarized in Fig. 6 . It shows the projection of the multidimensional PES on a two dimensional plane in terms of two relevant order parameters: d z (i.e., the magnitude of tetragonal distortion of the anionic sublattice) and the h100i direction which coincides with the low-barrier vacancy diffusion pathway.
We have systematically analyzed the coupling between the tetragonal distortion of the anionic sublattice and the elastic strain field of an anionic point defect. In a 3 Â 3 Â 3 supercell with an anionic defect, our results suggests that the internal displacement parameter shows a length-scale dependence and d z becomes small (less than 0.03Å) beyond 10Å from the defect center. This means that the elastic strain field of the defect initiates a tetragonal distortion of the lattice only in the vicinity of the defect at 0 K. Thus, the strong coupling between the two different displacement fields observed in the 2 Â 2 Â 2 supercell is probably due to image interactions in a finite size supercell and the stability of the high-symmetry structure is sensitive to the system size. However, our results in section ''Defect formation energies'' show that, independent of the system size, it is the high-symmetry anionic defect structures that are stable at high temperatures. This highlights the important role played by the vibrational entropy in stabilizing the cubic phase of zirconia.
The PDOS for a neutral interstitial, shown in Fig. 2a , is similar to that of an oxygen molecule (O 2 ) with two localized electrons. The ground-state structure of O 2 molecule is the triplet state ( 3 R À g ) that has one electron in each p Ã 2p anti-bonding molecular orbital resulting in two unpaired electrons. Upon adding two electrons to O 2 , the partially occupied p Ã 2p orbitals of O 2 become fully occupied and the resulting structure has no net magnetization. A similar scheme of hybridization of the 2p-orbitals of the two oxygens in O h110i is plausible. The states close to À7 eV in Fig. 2a correspond to the r orbital, those at approximately À6 eV correspond to the p 2p orbital, and the hybridized p Ã state in O h100i structure is in the valence band. This similarity between the electronic structures of O 2 molecule and the h100i dumbbell structure is again evident in the PDOS of the singly charged interstitial shown in Fig. 2c (Fig. 2d shows the charge density of the localized defect state).
To ensure the stability of a material, the formation energy of a defect cannot be negative. This means that the formation energy plots can be used to enlist the accessible values of the Fermi energy (these are highlighted in Fig. 3) . We see that the equilibrium Fermi energy of 3.45 eV at 2500 K and 1 atm pressure (Fig. 5b) lies within the range of values (Fig. 3b) that can ensure mechanical stability of the lattice. While this validates our results, we believe that this also highlights the utility of our scheme: O 2À i and V 2þ o have the lowest formation energies so the optimum value of the Fermi Level predicted from Fig. 3b is 3 .08 eV, but the Fermi energy obtained by simultaneously solving the defect equilibria is a little higher than the value predicted from the formation energy plot.
The defect stability diagram in Fig. 5a summarizes our analysis of the defect equilibria. For example, the equilibrium defect concentration profiles at 2500 and 2900 K point to the existence of two regimes: at low oxygen partial pressures, the neutral oxygen vacancies are dominant, while at high oxygen partial pressures, the doubly charged oxygen interstitials are dominant. In addition, at intermediate pressures, the singly charged oxygen vacancies have the highest concentration and the charge neutrality is maintained by the equilibrium between the singly charged oxygen vacancies and a combination of the doubly charged interstitials and the electrons. Thus, in this narrow pressure range, conductivity is dominated by the electrons. We believe this enhanced stability of singly charged vacancies can partly be attributed to their high relaxation volume. Further, the high relaxation volumes of the neutral and the singly charged vacancies suggest that cubic zirconia is susceptible to creep.
Ceramic composites like ZrB 2 -SiC and HfB 2 -SiC exhibit superior thermal protection capabilities at ultrahigh temperatures that are relevant to the operation of hypersonic and re-entry vehicles. At these temperatures, in an oxidizing atmosphere, ZrB 2 -SiC oxides to ZrO 2 , SiO(g), SiO 2 (l), CO(g), and B 2 O 3 (g ) [8, 30, 31] . At 1400-1800 K, a SiO 2 -rich layer that contains B 2 O 3 is formed on top of the composite coating due to the incomplete evaporation of B 2 O 3 g ð Þ or due to the continued oxidation of ZrB 2 . This layer provides a barrier to oxygen diffusion. However, with increase in temperature to, say 2500 K (Fig. 7) , the vapor pressure of B 2 O 3 increases significantly leading to the loss of this protective layer thereby exposing the underlying ZrO 2 to the atmosphere. Since, in both the temperature conditions considered in the two scenarios illustrated in Fig. 7 , ZrO 2 is always in contact with ZrB 2 , inhibiting or slowing oxygen diffusion through the oxide layer can potentially improve the thermal protective capability of this material. Fig. 6 A representative view of the projection of the highdimensional potential energy surface at 0 K, of zirconia containing an oxygen vacancy, along two suitable reaction coordinates. A highsymmetry structure (shown by a square) of a neutral vacancy has 1.29 eV higher energy than the structure with a tetragonal distortion of the oxygen sublattice (marked T 1 , T 2 , T 3 ). The barrier for vacancy diffusion is shown by a diamond on the PES. For diffusion of a neutral vacancy along h100i, the high-symmetry state has a barrier of 0.43 eV, while the barrier for T 1 is 1.73 eV. The displacement field d z can be oriented along h001i, h010i; or h100i axes of the supercell Volatility diagrams of ZrB 2 at 2500 K proposed separately by W. Fahrenholtz and Han et al. [30, 31] show that ZrB 2 is stable when the oxygen partial pressure is below $ 10 À9 -10 À8 and crystalline ZrO 2 is stable above this pressure. Correspondingly, from Fig. 5 , we see that the dominant anionic defect in cubic zirconia at P O 2 [ 10 À8 atm, T ¼ 2500 K is O 2À i . Thus, our analysis allows us to predict the dominant defect species at finite temperatures. Oxidation experiments carried out by Han et al. [31] at temperatures close to 2500 K suggests that in 10 min the thicknesses of the porous and dense zirconia layers are about 70 and 80 lm, respectively. Under these conditions, the diffusion of O À7 m 2 s -1 at 2500 K and t ZrO 2 = 80 lm. In order to enhance the protective coating capabilities of ZrB 2 -SiC composite, it is important to reduce the flux of oxygen diffusing through ZrO 2 under these conditions. An effective strategy to slow the oxidation kinetics is to increase the diffusion barrier by introducing dopants that trap these anionic defects [8] . Our initial results suggests that indeed doping ZrO 2 with cations like Ta leads to the trapping of anionic defects close to these impurity cations. In future, we plan to analyze the possible cations that can enhance the thermal protection capabilities of this ultra-high-temperature composite coating material.
Conclusion
Our analysis suggests that anionic defects in cubic ZrO 2 display a wide spectrum of intriguing electronic as well as structural effects. The elastic distortion of the lattice due to the defect has a propensity to couple with the soft phonon mode of cubic zirconia leading to symmetry breaking transitions to low-energy configurations at 0 K. We have illustrated that in the temperature range of 2600-2980 K, the high-symmetry cubic structures of these anionic defects is stabilized by the vibration entropy. Our stability analysis shows that under low-pressure conditions, neutral vacancy is the most dominant defect species and at high-pressure conditions the doubly charged interstitials are dominant.
In summary, first principles calculations have enabled us to gain quantitative insights into the oxygen conduction mechanisms in zirconia at the atomic scale. The protocol to obtain the equilibrium defect concentration by solving the different laws of mass action provides information about the defect stability at experimentally relevant conditions. Such macroscopic information extracted from a microscopic analysis, like the ab initio DFT, can aid experimental design and can be used to make predictions at conditions where performing experiments are difficult or expensive. Fig. 7 Ultra-high-temperature ceramics, like ZrB 2 -SiC, HfBr 2 -SiC, are potential candidates for thermal protection coatings in re-entry and hypersonic vehicles. Shown here are the schematic diagrams of the composition of layers in oxidized ZrB 2 -SiC at about 1800 and 2500 K [30, 31] . The partial pressures corresponding to stability of different layers are taken from [30, 31] . At 1800 K, the SiO 2 and SiO 2 ? ZrO 2 layers protect the inner layers from further oxidation. However, at 2500 K ZrO 2 acts as the protective covering preventing further oxidation of the inner layers. A schematic of the hightemperature phase diagram of ZrO 2 -SiO 2 shows that at temperatures above the tetragonal to cubic transition, the stable phase is fused glass and ZrO 2
